Biotin synthase, encoded by the bio2 gene in Arabidopsis, catalyzes the final step in the biotin biosynthetic pathway. The development of radiochemical and biological detection methods allowed the first detection and accurate quantification of a plant biotin synthase activity, using protein extracts from bacteria overexpressing the Arabidopsis Bio2 protein. Under optimized conditions, the turnover number of the reaction was Ͼ2 h Ϫ1 with this in vitro system. Purified Bio2 protein was not efficient by itself in supporting biotin synthesis. However, heterologous interactions between the plant Bio2 protein and bacterial accessory proteins yielded a functional biotin synthase complex. Biotin synthase in this heterologous system obeyed Michaelis-Menten kinetics with respect to dethiobiotin (K m ϭ 30 m) and exhibited a kinetic cooperativity with respect to S-adenosyl-methionine (Hill coefficient ϭ 1.9; K 0.5 ϭ 39 m), an obligatory cofactor of the reaction. In vitro inhibition of biotin synthase activity by acidomycin, a structural analog of biotin, showed that biotin synthase reaction was the specific target of this inhibitor of biotin synthesis. It is important that combination experiments using purified Bio2 protein and extracts from pea (Pisum sativum) leaf or potato (Solanum tuberosum) organelles showed that only mitochondrial fractions could elicit biotin formation in the plant-reconstituted system. Our data demonstrated that one or more unidentified factors from mitochondrial matrix (pea and potato) and from mitochondrial membranes (pea), in addition to the Bio2 protein, are obligatory for the conversion of dethiobiotin to biotin, highlighting the importance of mitochondria in plant biotin synthesis.
Biotin acts as a cofactor for a small number of enzymes involved in carboxylation, decarboxylation, and transcarboxylation reactions that are concerned with fatty acid and carbohydrate metabolism (Knowles, 1989; Alban et al., 2000) . Biotin biosynthesis has been widely investigated in bacteria such as Escherichia coli or Bacillus sphaericus through combined biochemical and genetic studies (Eisenberg, 1987; Gloeckler et al., 1990) . The most fascinating reaction in this pathway, as well as the most complex, is undoubtedly the last one, i.e. the insertion of a sulfur atom between the unactivated methyl and methylen carbon atoms adjacent to the imidazolinone ring of dethiobiotin (DTB). Biotin synthase (the product of bioB gene), an iron-sulfur containing protein, is involved in this reaction. Although extensively studied during the past decade, the catalytic mechanism of the last step of biotin synthesis is not fully understood, and all the components involved in this reaction are not identified. Nevertheless, it was established that this conversion reaction requires Sadenosyl-Met (Ado-Met) acting as a radical-forming molecule responsible for the homolytic cleavage of the C-H bonds at the carbons to be functionalized, and a physiological reduction system consisting, in E. coli, of flavodoxin, flavodoxin (ferredoxin)-NADP ϩ reductase, NADPH, and possibly another FMNcontaining flavoprotein, MioC (Scheme 1; Ifuku et al., 1992 Ifuku et al., , 1994 Sanyal et al., 1994 Sanyal et al., , 1996 Birch et al., 1995; Guianvarc'h et al., 1997; Shaw et al., 1998; Birch et al., 2000) . In bacteria, Cys is very likely the initial source of the sulfur atom for the reaction (Birch et al., 1995) . However, recent work provides evidence that the immediate sulfur donor is biotin synthase itself (Tse Sum Bui et al., 1998; Gibson et al., 1999) .
Initial information on biotin synthesis and transport in plants came from analysis of the bio1 biotin auxotrophic mutant of Arabidopsis that requires biotin at a critical stage of embryogenesis (Schneider et al., 1989; Shellhammer and Meinke, 1990) . Bio1 mutation can be complemented genetically by the E. coli bioA gene that codes for 7,8-diaminopelargonic acid aminotransferase, the second enzyme in the E. coli biotin biosynthetic pathway (Patton et al., 1996b) . Radiotracer studies of a biotin-overexpressing strain of lavender (Lavandula vera) cells grown in the presence of [
3 H]pimelic acid demonstrated that the pathway of biotin synthesis in bacteria is conserved in plants and that the reaction catalyzed by biotin syn-thase may proceed in two distinct steps involving 9-mercaptodethiobiotin as an intermediate (Baldet et al., 1993b) . Since then, a second biotin auxotroph of Arabidopsis has subsequently been identified. Arrested embryos from this bio2 mutant are defective in the final step of biotin synthesis, i.e. the conversion of DTB to biotin (Patton et al., 1998) . Molecular characterization of the biosynthetic pathway has dealt primarily with the biotin synthase gene. A cDNA corresponding to this gene from Arabidopsis (called bio2) has been isolated by functional complementation of a bioB biotin auxotroph mutant of E. coli (Baldet and Ruffet, 1996) , and gene expression characterized (Patton et al., 1996a; Weaver et al., 1996) . Purified recombinant Arabidopsis biotin synthase is a homodimer of 41.6-kD subunits with a reddish color and has an absorbance spectrum characteristic of a protein with [2Fe-2S] clusters (Baldet et al., 1997a) . Finally, immunological analyses with antibodies raised against the purified recombinant protein demonstrated a mitochondrial location for the plant biotin synthase (Baldet et al., 1997a) .
Here, we present the first biochemical characterization of a plant biotin synthase activity, using a heterologous system comprising the recombinant Arabidopsis biotin synthase and accessory proteins from E. coli. On the other hand, using a plant-reconstituted system, we demonstrate that besides the bio2 gene product, mitochondrial proteins and/or unidentified factors are required for the plant biotin synthase reaction.
RESULTS

Arabidopsis Biotin Synthase Reaction in a Heterologous System
Studies presented in this article were performed using an E. coli strain overproducing bio2 gene product (biotin synthase) from Arabidopsis (Baldet et al., 1997a) . When bacteria were grown under optimum overexpression conditions (see "Materials and Methods"), the polypeptide accounted for 2% to 4% of the bacterial soluble proteins, according to the preparations, as judged by ELISA quantitation, using affinity-purified anti-Bio2 antibodies. Biotin synthase activity from Arabidopsis was detected using both the radiochemical and the microbiological methods detailed in "Materials and Methods." Figure 1 (Fig.  1, lane 3) . In contrast, a protein extract from untransformed BL21 strain proved unable to synthesize biotin from DTB (Fig. 1, lane 2; Fig. 2 ). Therefore, biotin synthesis was strictly dependent on the presence of recombinant Bio2 protein in the assay. The lack of detectable biotin synthase activity in the host bacterial strain, in vitro, could be explained by the fact that although it carried the wild-type chromosomal genes for biotin synthesis, these were repressed under the conditions of our experiments (Eisenberg, 1973; Alban, 2000) . Furthermore, because of the weakness of biotin synthase activities reported in cell-free assay systems of bacterial origin, all biotin synthase reactions from these sources were obtained only with extracts of BioB-overproducing strains (Ifuku et al., 1992; Sanyal et al., 1994 Sanyal et al., , 1996 Birch et al., 1995; Guianvarc'h et al., 1997; Shaw et al., 1998) .
To precisely quantify the activity of biotin synthase from Arabidopsis in our in vitro system, we have first undertaken optimization of the assay. Defined in vitro reaction mixtures reported in the literature for bacterial systems are rather inconsistent and still a matter of debate. Required small molecules in these assays include, in addition to the substrate DTB, Ado-Met, NAD(P) H, Fe 2ϩ , l-Cys, DTT, and, according to the cases, KCl, Fru-1,6-bisP, l-Asn, and/or TPP (Sanyal et al., 1994 (Sanyal et al., , 1996 Birch et al., 1995; Guianvarc'h et al., 1997; Shaw et al., 1998; Tse Sum Bui et al., 1998) . In our hands, biotin synthase activity was initially measured in a reaction mixture termed "complete," i.e. comprising all the above components. Then, the effect of not supplying each of these compounds individually was investigated (Fig. 2) . The reaction was found to be strictly dependent on Ado-Met. This compound is probably not the initial sulfur donor in the reaction, but rather acts as a source of deoxyadenosyl radical, which would be implicated in the activation of the C-H bonds on DTB, as demonstrated in bacterial systems (Guianvarc'h et al., 1997) . l-Cys and Fe 2ϩ , although not absolutely necessary, highly stimulated biotin synthase reaction, up to five times. Na 2 S could efficiently replace l-Cys in the assay (not shown).
NADH or NADPH, TPP, and Fru-1,6-bisP also enhanced biotin formation, albeit to lower extents (Fig.  2) . The physiological relevance of Fru-1,6-bisP is not fully understood. Nevertheless, because it had a significant positive effect on biotin synthase activity, it was maintained in our assay. The influence of TPP is also controversial among different groups (Birch et al., 1995; Sanyal et al., 1996; Shaw et al., 1998) . TPP is a potential initial source of sulfur for the biotin synthase activity in vitro, and possibly somehow participates in the reaction together with l-Cys. Alternatively, TPP may act indirectly, having a positive effect on enzymes, in the bacterial extract, which are necessary for biotin formation by Arabidopsis biotin synthase. It is interesting that Birch et al. (2000) reported the identification of a new flavoprotein in E. coli, encoded by mioC gene, which is essential for E. coli biotin synthase activity, in vitro (see Scheme 1). This protein required TPP to stabilize its activity. Finally, KCl and l-Asn, reported to have stimulating effects in bacterial systems, had no effect in our assay, and were subsequently omitted. Thus, after optimization of the concentrations of these low-M r components required for activity, all our analyses led to reaction medium composition detailed in "Materials and Methods."
To further optimize the assay conditions for biotin synthase activity, the linearity of each assay with respect to incubation time and protein concentrations were established, using both radiochemical ( Fig. 3 ) and microbiological detection methods (not shown), with similar results. Best kinetics were obtained using Bio2-containing protein extract concentrations of at least 10 mg mL Ϫ1 . Under these optimum concentration conditions, activity was linear for at least 3 h and then slowed down to reach a plateau after 4-to 6-h incubation times (Fig. 3) . From the kinetic results in Figure 3 , and assuming that 2% of protein in the extract was biotin synthase from Arabidopsis, as determined by ELISA quantitation, and a molecular mass for the monomer of 41.6 kD, we calculated that up to 7 mol biotin mol Bio2 monomer Ϫ1 were synthesized, under optimized conditions over a 6-h incubation period. The catalytic center activity of the enzyme was also estimated from these data to be approximately 2.5 to 3 h Ϫ1 . These parameter values, albeit unusually low for an enzyme activity, are somewhat higher than those reported for bacterial biotin synthase reactions, in both cell-free extract and well-defined systems (0.04-0.08 h Ϫ1 for B. sphaericus, Méjan et al., 1995; 0.5 Sanyal et al., 1994; Shaw et al., 1998) .
Kinetic parameters for d-DTB and Ado-Met, the two obligatory substrates for the reaction, were determined under these optimized assay conditions. Assays were conducted by varying the concentration of one of the substrates while keeping the other substrates and cofactors at saturating levels. Under these conditions, recombinant Arabidopsis biotin synthase obeyed Michaelis-Menten kinetics with respect to DTB (Fig. 4) . The apparent K m for DTB in the biotin synthase reaction was found to be 30 Ϯ 5 m. This value is one order of magnitude higher than that measured by Sanyal et al. (1994) for E. coli biotin synthase reaction in vitro, but well agrees with optimized DTB concentrations determined for this reaction, reported in other studies (Sanyal et al., 1996; Kiyasu et al., 2000; Tse Sum Bui et al., 2000) . Arabidopsis biotin synthase exhibited an exceptional sensitivity to changes in Ado-Met concentrations (kinetic cooperativity). Hill plot provides a simple means of evaluating this cooperativity (Hill coefficient ϭ 1.9; Fig. 4 ). The apparent K 0.5 value for Ado-Met, calculated from the data in Figure 4B and Hill equation (Segel, 1975) , was 39 Ϯ 2 m. There are no published kinetic constants for Ado-Met, but this value is consistent with Ado-Met concentrations required to saturate biotin synthase reactions in bacterial systems (for example, see Shaw et al., 1998; Tse Sum Bui et al., 2000) . The effect of acidomycin, a structural analog of biotin, with antibiotic properties, was investigated on biotin synthase reaction (Fig. 5) . Previous studies performed in vivo using cultured lavender cells indicated that this compound specifically blocked biotin synthesis at the level of biotin synthase reaction (Baldet et al., 1993b) . When included at a concentration of 400 m, acidomycin completely inhibited in vitro biotin formation driven by Bio2 from Arabidopsis (Fig. 5A ). Under the optimized assay conditions described in "Materials and Methods," biotin synthase reaction was inhibited in a concentrationdependent manner, and 50% inhibition (IC 50 ) occurred at about 35 m acidomycin (Fig. 5B) . This value well correlated with inhibitor concentrations necessary to obtain a sensitive herbicidal effect in planta (Baldet, 1993; Baldet et al., 1993b) . Acidomycin may prove, therefore, to be a good tool for studying biotin synthase reaction mechanism further.
To further characterize the enzymatic activity of the bio2 gene product from Arabidopsis, a three-step protocol was devised to purify it from E. coli/Bio2 cells. The procedure, derived from our previously published protocol (Baldet et al., 1997a) , consisted in two anion-exchange chromatographies followed by a cation-exchange chromatography. Thus, typically 4 to 5 mg of at least 95% pure recombinant biotin synthase was obtained from 1 L of cell culture. Data in Table I show that after the very first purification step, protein fractions containing Bio2 protein lost biotin synthase activity. However, when a protein extract from a wild-type E. coli strain, which alone had no detectable biotin synthase activity in vitro, was added to the fractions, biotin synthase activity was restored, albeit partially (Table I ). These results demonstrated that plant biotin synthase required additional protein factors for activity, as did its bacterial counterparts, and that accessory proteins from E. coli were competent to play this function in our reconstituted heterologous system. Under the conditions detailed in the legend of Table I , only one-half the initial biotin synthase specific activity (on a per milligram Bio2 protein basis) was recovered in a reaction medium containing purified Bio2 protein and bacterial accessory proteins from a crude extract. This feature could be explained, at least in large part, by iron-sulfur cluster degradation in the course of biotin synthase purification, despite systematic saturation of chromatographic buffers with argon, as noticed by progressive bleaching of the red color of the protein.
The determination of protein-bound iron by chemical and inductively coupled plasma analyses yielded, respectively, 0.5 and 0.7 mol iron/monomer, confirming that the purified enzyme was cluster deficient. Cluster degradation has also been observed for anaerobic ribonuleotide reductase-activating enzyme, another iron-sulfur enzyme utilizing Ado-Met as a source of deoxyadenosyl radical, where there was a close correspondence between activity and iron content (Mulliez et al., 1993) .
Arabidopsis Biotin Synthase Reaction in a Reconstituted Plant System
As a prerequisite in the identification of the plant factors other than Bio2 involved in biotin synthase reaction, we have undertaken combination experiments using purified recombinant Arabidopsis Bio2 protein and various plant extracts (Fig. 6) . Because Bio2 sequence presented a typical organelle-targeting presequence (Baldet and Ruffet, 1996; Patton et al., 1996a; Weaver et al., 1996) , and immunological studies localized Bio2 protein into mitochondria (Baldet et al., 1997a) , purified organelle fractions from pea leaf cells (chloroplasts and mitochondria) and potato tubers (mitochondria) were used for these experiments. As suspected, none of the plant extracts (see "Materials and Methods") alone exhibited any detectable levels of biotin-synthesizing activity (not shown). As it is commonly observed in non-biotin synthase overproducing bacteria, biotin synthase activity is probably too low in plants to be detected by currently developed in vitro systems. In the presence of purified Bio2 from Arabidopsis, only mitochondrial fractions could elicit biotin formation in the assay (Fig. 6 ). Added separately in the reaction medium, mitochondrial matrix and membranes from pea leaves had only limited effects on biotin synthase reaction driven by Bio2. In association, these fractions acted synergistically on activity (Fig. 6A) . It is interesting that in potato tuber mitochondria, required factors for biotin synthase reaction were found to be soluble (Fig. 6B) . These results demonstrated that one or more unidentified factors from mitochondrial matrix (pea and potato) and from mitochondrial membranes (pea), in addition to the bio2 gene product, are obligatory for the conversion of DTB to biotin in plants. Also, this specific mitochondrial localization of biotin synthase accessory components is well consistent with previous immunological detection of Bio2 protein in matrix space of plant mitochondria (Baldet et al., 1997a) .
To determine the possible involvement of the mitochondrial inner membrane respiratory chain from pea mitochondria as a reducing system for biotin synthase reaction, we have investigated the effect of various substrates and of an inhibitor of electron transport in plant mitochondria. In contrast with the biotin synthase reaction in the heterologous system Figure 5 . Effect of acidomycin on the activity of biotin synthase in a protein extract from E. coli cells overproducing Bio2 from Arabidopsis (in vitro heterologous system). Biotin synthase activity was measured under optimized conditions with 1.5 mg of protein extract. Reaction mixtures were incubated for 2 h. A, Biotin formed was determined by TLC analysis and phosphorimaging quantitation (conversion of [ 3 H]DTB to [ 3 H]biotin). Lane 1, DTB and biotin standards; lane 2, assay in the absence of acidomycin; lane 3, assay in the presence of 400 M acidomycin. B, Effect of increasing concentrations of acidomycin on biotin synthase activity. Biotin produced was determined by a turbidimetric microbiological method using L. plantarum.
Table I. Purification of recombinant Bio2 protein from Arabidopsis
Purity of the enzyme fraction after each step of purification was estimated by ELISA quantitation. Protein was determined with the protein assay (Bio-Rad Laboratories, Munich) up to the DEAESepharose column and thereafter according to Scopes (1974) . Biotin synthase activity was measured under optimized conditions, with the equivalent of 0.5 nmol Bio2 protein from protein fractions, in the absence (Ϫ) or in the presence (ϩ) of 1 mg of protein extract from untransformed BL21 E. coli strain. Biotin produced was determined with L. plantarum. Note that activities are expressed in nmol h Ϫ1 mg Ϫ1 Bio2 protein present in the protein extract (Ϫ ϭ not tested).
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( Fig. 2) , activity was strictly dependent upon the addition of NADPH or NADH in the reaction medium in the plant-reconstituted system (not shown).
It is possible that under our assay conditions, plant mitochondria, contrary to bacteria, were not able to regenerate the endogenous pool of protein-bound reduced pyridine dinucleotides. Succinate could not substitute for these electron donors in the assay, suggesting that the succinate dehydrogenase-associated electron chain did not participate in the biotin synthase reaction. This situation markedly contrasts with that found in B. sphaericus, where electrons involved in biotin synthesis appeared to flow through succinate dehydrogenase in vivo (Fujisawa et al., 1994) . Moreover, antimycin A, used at a concentration known to block complex III of the mitochondrial respiratory chain (Douce, 1985) , had no impact on biotin synthase reaction in the plant-reconstituted system (not shown).
DISCUSSION
We report here, to our knowledge, the first biochemical characterization of a plant biotin synthase reaction. Heterologous interactions between a plant recombinant Bio2 protein and bacterial proteins yield a functional biotin synthase complex, in good agreement with the successful functional complementation approach, using an E. coli bioB mutant, employed to isolate the bio2 gene product from Arabidopsis (Baldet and Ruffet, 1996) . The turnover number of the reaction was Ͼ2 h Ϫ1 in the heterologous system with unfractionated protein extract from Bio2-overproducing strain and still Ͼ1 h Ϫ1 in the heterologous system comprising purified Bio2 protein (calculated from data in Table I ). It appears from our results that biotin synthase from Arabidopsis acts as a catalyst and not, as suggested in bacteria, as a simple reactant (Gibson et al., 1999; Kiyasu et al., 2000) .
The relative low levels of biotin synthase measured in our in vitro systems may reflect the limited proportion of recombinant Bio2 protein having a functional iron-sulfur cluster. Biotin synthase cluster is extremely labile, particularly when exposed to oxygen (Sanyal et al., 1994; Tse Sum Bui et al., 1998; Ollagnier de Choudens et al., 2000) . In addition, there is convincing evidence that, in bacteria, the [2Fe-2S]-containing form of biotin synthase is a direct consequence of aerobic isolation and that conversion to [4Fe-4S] forms occurs under strict anaerobiosis and reducing conditions (Duin et al., 1997; Tse Sum Bui et al., 1999; Ollagnier de Choudens et al., 2000; Ugulava et al., 2000) . [4Fe-4S]-containing forms of biotin synthase would be responsible for activity. If this also holds true for plant biotin synthase, it is possible that under our assay conditions, in addition to cluster deficiency evidenced by measured iron content in purified enzyme, only a partial conversion to a [4Fe-4S] cluster form of the enzyme does occur. Specific activities related to this fraction of active enzyme would be much higher than those calculated in this report. Figure 6 . Activation of purified recombinant biotin synthase by plant organelle extracts (plant-reconstituted system). A, Biotin synthase activity was measured under optimized conditions with 0.5 nmol purified Bio2 protein from Arabidopsis alone (none), or in the presence of 0.5 mg of protein extracts from isolated pea (Pisum sativum) leaf organelle (chloroplasts and mitochondria) subfractions, added separately or in combination, as indicated on the figure. B, Biotin synthase activity was measured under optimized conditions with 0.5 nmol purified Bio2 protein from Arabidopsis, in the presence of 0.5 mg of protein extracts from isolated potato (Solanum tuberosum) tuber mitochondria subfractions, added separately or in combination, as indicated in the figure. Biotin produced was determined by a turbidimetric microbiological method using L. plantarum. The error bars represent SDs from three independent measurements, and when not shown fall within the column. St, Stroma; Mb, membranes; Ma, matrix).
Another explanation for low biotin synthase activity would be that one of the components of biotin synthase reaction is limiting or missing. Recent studies demonstrated that the iron-sulfur cluster of E. coli biotin synthase is very likely the immediate sulfur donor for the DTB to biotin conversion in vitro (Tse Sum Bui et al., 1998; Gibson et al., 1999) . If this also holds true for plants remains to be demonstrated. Cys desulfurases, like NifS from Azotobacter vinelandii and Klebsiella pneumoniae or IscS from E. coli, that are involved in mobilization of sulfur for metallocluster formation and/or repair, have been found to stimulate to various extents biotin synthase reaction in E. coli (Kiyasu et al., 2000; Tse Sum Bui et al., 2000) . We recently have isolated a full-length cDNA from Arabidopsis encoding a putative Cys desulfurase (GenBank accession no. AF229854; A. Picciocchi and C. Alban, unpublished data). Sorting programs identified the N-terminal sequence of this protein as a putative mitochondrial targeting sequence. Moreover, recent studies indicated that plant mitochondria might contain a complex iron-sulfur cluster assembly machinery similar to that previously found in yeast (Saccharomyces cerevisiae; Kushnir et al., 2001) . Whether all or part of its components participates or not in the plant biotin synthase reaction remains to be established.
Low levels of biotin synthase activities in in vitro systems may also reflect the very small needs of biotin in plants and microorganisms (Eisenberg, 1973; Shellhammer and Meinke, 1990) . However, plants, in contrast to bacteria, accumulate rather high concentrations of biotin in their cells, whose role is still enigmatic (Baldet et al., 1993a) . This observation may suggest the lack of a strong regulatory mechanism of de novo biotin synthesis in plants compared with bacteria.
Data presented in this article also demonstrate that in a plant-reconstituted system, only mitochondrial fractions were competent in biotin synthase activation, well matching previous localization of plant biotin synthase (Baldet et al., 1997a) . Nevertheless, despite the strong positive effect of the membrane fraction from pea mitochondria on the activity, our results suggest that the mitochondrial respiratory chain is not part of the reducing system for biotin synthase reaction. Moreover, in potato mitochondria, no membrane-associated factor is needed for biotin synthase activity. Therefore, we postulate that the physiological electron transfer system required for plant biotin synthase reaction is more probably similar to the NADPH/flavodoxin/flavodoxin reductase system found in E. coli (for an explanation, see Scheme 1). However, at present, no flavodoxin has been documented in higher plants (Mayhew and Tollin, 1993; Arabidopsis Genome Initiative, 2000) .
Further identification and characterization of the mitochondrial biotin synthase accessory components (proteins and other factors), which are in progress in our laboratory, will be determinant in the aim of elucidating the reaction mechanism of the plant biotin synthase complex. In particular, the determination of catalytic efficiency of the plant enzyme in a well-and fully defined system will then be possible. Such characterization will also be helpful in our understanding of regulation of biotin synthesis in plant cells. McLamore et al. (1953) . Lactobacilli ManRogosa-Sharpe broth, Micro Inoculum broth, and dehydrated biotin assay medium were from Difco (Detroit, MI). Isopropylthio-␤-d-galactoside was from Bioprobe Systems (Montreuil, France). All other biochemicals were obtained from Sigma Chimie SARL (La Verpillère, France) and were the purest grade available.
MATERIALS AND METHODS
Reagents
Plant Material and Bacterial Strains
Pea (Pisum sativum cv Douce Provence) was grown as described previously (Baldet et al., 1997b) . Potato (Solanum tuberosum) tubers were obtained from a local market. The Escherichia coli BL21(DE3) strain, containing the plasmid pET11a/9-BS that carries the Arabidopsis bio2 cDNA coding sequence, and the plasmid pBkat37, which carries the molecular chaperones GroES and GroEL genes required for the correct folding of the overexpressed enzyme, were used as a source of recombinant plant biotin synthase (BL21/ Bio2; Baldet et al., 1997a) . The biotin auxotroph Lactobacillus plantarum (ATCC 8014) was obtained from the American Type Culture Collection (Manassas, VA).
Expression and Purification of Recombinant bio2
Gene Product E. coli cells overexpressing Arabidopsis biotin synthase were grown at 37°C in Luria-Bertani medium with the addition of 50 g mL Ϫ1 of kanamycin and streptomycin for plasmids stability (Baldet et al., 1997a) . When A 600 reached 0.6, 1 mm isopropylthio-␤-d-galactoside was added and growth was continued at 28°C for 6 h. Cells were collected by centrifugation, resuspended in 50 mm Tris-HCl, pH 8.0, 10% (v/v) glycerol, 1 mm DTT, 1 mm phenylmethanesulphonyl fluoride, 5 mm 6-aminocaproic acid, and 1 mm benzamidine-HCl (buffer A), and disrupted by sonication for 5 min at 0°C. After a 20-min centrifugation at 40,000g to remove cell debris, the supernatant was desalted on PD10 Sephadex G25(M) columns (Pharmacia, Saclay, France). The resulting protein extract was concentrated (50-100 mg mL Ϫ1 ) using Macrosep-10 tubes (Filtron, Colgnière, France) and stored aliquoted at Ϫ80°C until use for biotin synthase activity measurements, or processed immediately for enzyme purification.
Purification of the recombinant Arabidopsis biotin synthase to near homogeneity was performed essentially by the method described by Baldet et al. (1997a) . All subsequent purification steps were carried out at 4°C with argon-saturated buffers to preserve the enzyme iron-sulfur cluster from oxidation. During the purification steps, Bio2 protein was chased as a protein band (44 kD) on SDS-PAGE gels. In brief, soluble proteins were loaded onto a Fractogel EMD-DEAE 650 m column (2.6 ϫ 35 cm; Merck, Fontenaysous-Bois, France) that had been equilibrated with buffer A, and eluted with a linear gradient of KCl from 0 to 0.3 m (500 mL) in buffer A. The purest fractions were combined, concentrated with Macrosep-10 tubes, desalted on a PD10 Sephadex G25(M) column, and loaded onto a DEAESepharose Fast Flow column (2.6 ϫ 12 cm; Pharmacia) that had been equilibrated with buffer A. Proteins were eluted with a linear gradient of KCl from 0 to 0.3 m (400 mL) in buffer A. Fractions containing Bio2 protein were combined and desalted on PD10 Sephadex G25(M) columns that had been equilibrated with 50 mm [2-bis(hydroxyethyl)amino]-2-(hydroxymethyl)-1-propane-1,3-diol]HCl, pH 6.6, 10% (v/v) glycerol, and 1 mm DTT (buffer B). Sample was then applied onto a CM-Sepharose Fast Flow column (1.6 ϫ 10 cm; Pharmacia) that had been equilibrated with buffer B. Proteins were eluted with a linear gradient of KCl from 0 to 0.3 m (100 mL) in buffer B. The biotin synthase containing fractions (Ͼ95% pure as judged by SDS-PAGE) were combined, concentrated, and stored aliquoted at Ϫ80°C.
In Vitro Assays for Biotin Synthase Activity
Biotin synthase was assayed by measuring the conversion of DTB to biotin. The optimized reaction mixture, in a final volume of 100 L, contained 50 mm Tris-HCl, pH 8.0, 2 mm DTT, 0.5 mm Fe(NH 4 ) 2 (SO4) 2 , 1 mm NADPH, 0.2 mm Ado-Met, 5 mm Fru-1,6-bisP, 0.5 mm l-Cys, 0.1 mm TPP, and 1 to 1.5 mg of a protein extract from E. coli cells overproducing Bio2 from Arabidopsis. Alternatively, 0.5 nmol of purified Bio2 protein plus 1 mg of a protein extract from untransformed E. coli cells or 0.5 to 1 mg protein from plant organelle extracts, as sources of accessory proteins, were used in the assays. Mixtures were pre-incubated in Eppendorf tubes (Eppendorf Scientific, Westbury, NY) sealed with a rubber septum and degassed for 30 min at room temperature under a continuous stream of wet nitrogen. Reactions were initiated by the addition of 150 m cold (ϩ)-DTB or (ϩ)-[ 3 H]DTB (0.15 Ci mmol Ϫ1 ) and lasted for 30 min to up to 6 h at 37°C. Reactions were stopped by heating to 80°C for 5 min. Precipitated proteins were eliminated by centrifugation and the amount of biotin formed was determined in the supernatant, either by a turbidimetric microbiological method using L. plantarum (Maeland and Sandnes, 1999) or by TLC analysis (Birch et al., 1995) . In this last situation, samples were lyophilized, resuspended in 50 L of methanol:water:acetic acid (65:25:10, v/v), and 5 L was loaded with cold biotin as carrier onto a silica gel high performance TLC plate (Merck). Plates were developed with chloroform:methanol:formic acid (17: 3:0.2, v/v) and then exposed to a tritium phosphor screen (Molecular Dynamics) for 24 h. Radiolabeled biotin and DTB standards of known activity were run in parallel in the same plates for spot identification and absolute quantitation. Exposed screens were quantitated using a Storm 820 PhosphorImager and ImageQuant software (Molecular Dynamics). The intensity of the spots was quantitatively analyzed by the area quantitation method with peak finder. In early experiments, the radioactivity in each compound was determined by scintillation counting of the spots scraped from the TLC plates after PhosphorImager analysis to validate the phosphorimaging quantitation procedure. Kinetic data were fitted to the appropriate rate equations by nonlinear regression analyses using the KaleidaGraph program (Synergy Software, Reading, PA).
Preparation of Purified Chloroplasts and Mitochondria
Pea leaf chloroplasts and mitochondria from pea leaves and potato tubers were purified using Percoll gradients as described by Mourioux and Douce (1981) and Douce et al. (1987) , respectively. Intact chloroplasts were lysed (Tissot et al., 1997) and the suspension was centrifuged (72,000g, 20 min): The pellet and the supernatant comprised the chloroplast membranes (envelope membranes and thylakoids) and the soluble fraction (stroma), respectively. Intact mitochondria were lysed (Tissot et al., 1997) and the suspension was centrifuged (100,000g, 20 min): The pellet and the supernatant comprised the mitochondrial membranes and the soluble fraction (matrix), respectively. Chloroplast stroma and mitochondrial matrix were concentrated (20-30 mg protein mL Ϫ1 ) using Jumbosep-3 tubes (Filtron).
Analytical Methods
Protein concentration was determined either by the method of Bradford (1976) using Bio-Rad protein-assay reagent, with ␥-globulin as a standard, or by measuring the A 205 (Scopes, 1974) . The amount of Bio2 protein in protein extracts was measured by an ELISA assay using affinitypurified rabbit antibodies raised against the recombinant protein (Baldet et al., 1997a) and purified protein as a standard. Protein-bound iron was determined both by the method of Doeg and Ziegler (1962) and by inductively coupled plasma atomic emission spectroscopy in the "Service Central d'Analyze du Centre National de la Recherche Scientifique" (Vernaison, France).
